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Abstract: The aim of this study is to measure the radon mass exhalation rate from common granite 
building materials used in the East and Northeast part of Portugal. Twelve cubic shaped samples were 
measured. Nine of them without any coating and three coated with different materials (varnish, 
hydrorepellent and liquid silicone). The radon measurements were performed with two different techniques: 
one using passive detectors and other using an active detector. For the passive method CR-39 solid state 
nuclear track detectors were used. The active method used the RAD7 DURRIDGE detector. Radon mass 
exhalation rates obtained from both methods present relatively low values in the 11 to 45 mBq kg-1 h-1 range 
for the analyzed samples. Concerning the coated samples, the measured values are on average four times 
lower than the ones without coating. Overall, the measured values for both methods present a good 
agreement. 
1. Introduction 
The human species has always been exposed to ionizing radiation of natural origin, which can be found in 
soils, some rocks and water. From the late nineteenth century onwards, so-called artificial radiation was 
added to this background radiation. About 80% of the background radiation arise from natural sources, in 
which we can include the naturally occurring radioactive materials (NORM) present in the Earth's 
crust(1,2), in different types of food, beverages and in some building materials. This radiation is largely due 
to primordial radionuclides of the natural radioactive series of 232Th and uranium isotopes 238U; 235U, and 
their progeny. A sizable contribution is also given by the radioisotope 40K. In terms of human health and 
environment effects the radionuclide with major radiologic interest is radon (222Rn)(3). This radioactive 
isotope results from the disintegration of 226Ra, a decay product of the 238U series and responsible for the 
largest source of natural radiation to which population is subject, contributing with approximately 50% 
for the total dose of radiation(4). Radon concentration can reach high levels in dwellings depending not 
only on exhalation from soil but also on the building material used like concrete, bricks, phosphogypsum 
or granite(5). In general, either to improve waterproofness or indoor performance namely comfort and 
desegregation of the natural stone limiting the particle loss, some coatings are normally used over natural 
stone. These coatings can also be used as a way of impermeabilization to radon exhalation. There are 
several parameters to assess, in a satisfactory way, the levels of airborne radon resulting from soil beneath 
2 
 
the house or from building materials. Radon mass exhalation rate is one of these parameters commonly 
used to express indoor radon released from building and ornamental materials. This quantity can be 
obtained from the radon concentration in air. The measurement techniques are thus derived from the ones 
used for radon concentration measurement. Passive detectors or active detector can be employed for this 
task. The focus of this work is thus to compare the radon exhalation rate from granite stone used as 
building using two different measurement methods. 
 
2. Methods 
Inside dwellings the concentrations of radon can usually vary with temperature, humidity, ventilation, 
building materials and type of house. The radon concentration in building materials can be measured 
using either passive or active detectors. In this work radon mass exhalation rates for 12 granite samples 
(figure 1), with and without coating were determined using a passive measuring technique or a fast-
electronic measuring technique. The employed coatings are normally used over natural stone and were 
varnish, hydrorepellent and liquid silicone. 
 
 
Figure 1. Example of the granite samples used in the study. 
 
2.1 Integration detector 
In this work the measuring techniques use the Closed-Can method(6,7) This method consists in placing the 
sample to be measured inside a sealed chamber. All radon exhaled from the sample stays inside the 
chamber (assuming no-leakage). If N(t) is the number of radon atoms inside the box of volume V at a 
certain time t, the radon concentration c(t) can be defined as(8,9)  
𝒄(𝒕) =
𝝀𝑵(𝒕)
𝑽
  (Bq m-3)    (1) 
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where  is the radon decay constant. 
Considering a sample of mass M exhaling radon at a rate that its contribution to the amount of radon 
concentration in the chamber is ER (Bq kg-1 s-1)×M(kg) the time evolution of the concentration in the 
chamber is given by(3,4) 
𝒅𝒄(𝒕)
𝒅𝒕
=
𝑬𝑹𝑴
𝑽
− 𝒄(𝒕)    (2) 
Assuming no initial activity in the chamber c(0)=0 the solution of the equation is 
𝒄(𝒕) =
𝑬𝑹𝑴
𝑽𝝀
(𝟏 − 𝒆−𝝀𝒕).    (3) 
If the radon gas is uniformly distributed inside the chamber, the number of hits per unit time on the surface 
of a detector is proportional to the radon concentration 
𝒅𝒉(𝒕)
𝒅𝒕
= 𝒄(𝒕)     (4) 
where h(t) is the recorded number of hits at time t and  is the total detection efficiency. Integrating the 
equation over an exposure time T, one obtains the total number of hits on the detector as 
𝒉(𝑻) =
𝜺𝑬𝑹𝑴
𝝀𝑽
[𝑻 −
𝟏
𝝀
(𝟏 − 𝒆−𝝀𝑻)]  (5) 
where the quantity in square brackets is often called effective exposure time 
𝑻𝒆𝒇𝒇 = [𝑻 −
𝟏
𝝀
(𝟏 − 𝒆−𝝀𝑻)].   (6) 
Equation 5 can be solved for ER and written as  
𝑬𝑹 =
𝝀𝑽𝒉(𝑻)
𝜺𝑴𝑻𝒆𝒇𝒇
 .      (7) 
On the other hand, h(T)/ is the integrated radon concentration over the exposure time T. The average radon 
concentration cR= h(T)/T (Bq m-3) is the quantity experimentally obtained so that the mass exhalation rate 
ER is computed as 
𝑬𝑹 =
𝝀𝑽𝒄𝑹𝑻
𝑴𝑻𝒆𝒇𝒇
   (Bq kg-1 h-1)    (8) 
where  is the 222Rn decay constant, Rn222=7.55410-3 h-1 and the variables T and Teff are given in hour. 
If the radon concentration is not zero when the chamber is closed then an additional term must be added to 
equation 3, describing the decay of the environmental radon pre-existing in the chamber 
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𝒄(𝒕) =
𝑬𝑹𝑴
𝑽𝝀
(𝟏 − 𝒆−𝝀𝒕) + 𝒄𝟎𝒆
−𝝀𝒕   (9) 
where c0 is the existing radon concentration at t=0. The total number of hits is then given by 
𝒉(𝑻) =
𝜺𝑬𝑹𝑴𝑻𝒆𝒇𝒇
𝝀𝑽
+ 
𝜺𝒄𝟎(𝟏−𝒆
−𝝀𝒕)
𝝀
 .   (10) 
As before we relate the total number of hits on the detector with the average radon concentration 𝒉(𝑻) =
𝜺𝑪𝑹𝑻 obtaining for the mass exhalation rate  
𝑬𝑹 =
𝝀𝑽[𝒄𝑹𝑻−𝒄𝟎/𝝀(𝟏−𝒆
−𝝀𝑻)]
𝑴𝑻𝒆𝒇𝒇
 .   (11) 
As pointed out by several authors(10,11) the chamber might leak some radon out. In this case the effect is a 
modification of the decay constant 𝝀(11) incorporating a leaking term 𝝀𝒍𝒆𝒂𝒌 in such a way that 𝝀 = 𝝀𝑹𝒏𝟐𝟐𝟐 +
𝝀𝒍𝒆𝒂𝒌. 
2.2 Chamber leakage assessment 
In order to assess the radon leakage a chamber was prepared to measure the radon concentration in real 
time. Two essays were performed. One essay using an uranium ore rock and a second essay placing three 
of the analysed samples in the chamber. In each essay the RadonEye(12) active detector radon source was 
placed inside the chamber along with the radon sources. Special care was taken to prevent radon from 
leaking out through the connector cord hole, by sealing it with UHU Patafix® adhesive. Radon 
concentration in the chamber was allowed to build-up for several days. The measured curves (figure 2) 
were fitted with the function 𝒄(𝒕) = 𝒄𝒎𝒂𝒙(𝟏 − 𝒆
−𝝀𝒕) + 𝒄𝟎. Values of =0.0161±0.0002 h
-1 (2/=0.72) and 
=0.0120±0.0003 h-1 (2/=0.58) for the total decay constant were obtained, and thus values of 
leak=0.0085±0.0002 h-1  and leak=0.0044±0.0003 h-1 were respectively obtained for the leakage constant. 
From these results we conclude that leakage has a dependence on the radon concentration gradient between 
the chamber and the outside. For the lower radon concentration obtained with each granite sample, lower 
leakage is to be expected. Since the second essay was performed using three samples inside the chamber 
the value of leak=0.0044±0.0003 h-1 was used in the following analysis as an upper limit, closer to the actual 
value in each sample case. The existence of leakage has other side effect. If we consider an empty leaky 
chamber its radon concentration time evolution will not decrease exponentially due to radon exchange with 
the exterior. From the experimental point of view is then easier to obtain the integrated background 
concentration 𝒄𝑩𝑮𝑫 and subtract it from the value obtain for a given sample. The mass the mass exhalation 
rate equation 11 becomes 
𝑬𝑹 =
𝝀𝑽(𝒄𝑹−𝒄𝑩𝑮𝑫)𝑻
𝑴𝑻𝒆𝒇𝒇
 .    (12) 
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Figure 2: Radon build-up inside the chamber for several days for two different radon sources. Higher 
leakage constant is obtained for the higher exhalation rate source. The dashed lines are fits to the data. The 
decay constant obtained by the fit is given. 
 
2.3 Differential detectors 
Active detectors are capable to give real time radon concentration values (integrated in time intervals much 
smaller than radon half-life). The measured quantity is thus the radon concentration at a time t given by 
equation 9, where 𝝀 is the total decay constant including leaking. Solving the equation for 𝑬𝑹 and assuming 
a background concentration 𝒄𝑩𝑮𝑫 for the leaky chamber, one obtains for an acquisition time t=T 
𝑬𝑹 =
𝝀𝑽(𝒄𝑹(𝑻)−𝒄𝑩𝑮𝑫)
𝑴(𝟏−𝒆−𝝀𝑻)
 .   (13) 
 
2.4 Passive detector method 
This technique consists in placing the granite sample inside an acrylic chamber along with the passive 
detector.  The chamber is then sealed with silicone sealant. In this work CR-39 integration detectors were 
used. Each CR-39 detector exposure chamber was fixed onto the top center of the can by means of adhesive 
tape, as shown in figure 3.  
6 
 
 
Figure 3. The sealed-can technique for measuring radon exhaled from granite samples with a CR-39 
alpha-particle sensitive track detector. 
 
After an exposure time of one week the CR-39 detectors were removed from the chamber and etched 
chemically in a 6.25 M NaOH solution to display and enlarge the latent alpha tracks due to radon decay. 
The number of etched alpha tracks were automatically counted using a Radosys NanoReader Track 
Counting Microscope.  
 
After the determination of the radon concentration inside the chamber, the mass exhalation rate ER was 
calculated using equation 12. The volume V is the difference between the volume of the chamber and the 
volume of the sample. It is assumed radon also fills the CR-39 exposure chamber. For background 
assessment, radon concentration was measured for an empty chamber following the same procedure as for 
the stone samples. 
 
2.5 Active detector method 
The radon concentration was measured with a RAD7 detector(13). This device has an alpha detector that 
measures the signals from the radon progeny, namely the 218Po and 214Po isotopes. Mass exhalation rates 
from investigated samples, were estimated by placing the samples in a chamber with a closed loop 
arrangement: the chamber was connected through two vents to the inlet and outlet of the RAD7 device 
(figure 4).  
Figure 4. The RAD7 device for measuring radon concentration of granite samples. 
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The chamber volume and expose time T were identical to the passive method. The radon mass exhalation 
rate was then obtained with equation 13. The background concentration was obtained measuring the radon 
concentration in an empty chamber after being closed for the same time T as in the sample measurement. 
 
3. Results and discussion 
The characteristics of the 12 measured samples are summarized in table 1. The samples were cut in cubes 
of side 5.0 cm and average mass of 0.330 kg. The values of radon concentration inside the chamber after 
one week of exposure obtained with the passive and active methods are also presented. 
 
Table 1. Radon concentration measured for the analyzed samples. 
Sample Coating type Passive 
method 
Radon 
concentration 
(Bq/m3) 
Active method 
Radon 
concentration 
(Bq/m3) 
1 No coating 85±13 76±11 
2 No coating 33±5 29±4 
3 No coating 25±4 20±3 
4 No coating 30±5 24±4 
5 No coating 32±5 28.±4 
6 No coating 61±9 59±9 
7 No coating 48±7 44±7 
8 No coating 40±6 34±5 
9 No coating 50±8 48±7 
10 Varnish 25±4 21±3 
11 Liquid 
Silicone 
22±3 21±3 
12 Hydrorepellent 23±4 22±3 
 
Having determined the radon concentration, the radon exhalation rate was estimated accordingly for both 
methods. The values are given in figure 5. Preliminary results show that radon mass exhalation rates from 
the analysed granitic samples have in general relatively low values.  
 
For the passive method, the higher values found was 44.5 mBq kg-1 h-1, from sample S1. For the coated 
samples values of 13.1, 11.1 and 11.5 mBq kg-1 h-1 were obtained respectively for varnish, liquid silicone 
and hydrorepellent. A factor of 4 is observed between the higher and lower exhalation rates, for the tested 
granites.  
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For the active method, the higher value found was 26.2 mBq kg-1 h-1, from sample S1. This type of stone 
was chosen to compare the mass exhalation rate of the non-coated and coated samples. For the coated 
samples values of 7.3, 7.1 and 7.3 mBq kg-1 h-1 were obtained respectively for varnish, liquid silicone and 
hydrorepellent.  
Figure 5. Comparison between the radon mass exhalation rate determined by the passive and active 
methods for the 12 studied granite samples 
 
4. Conclusion 
The obtained results show systematically higher values for the passive method. Other authors(10) have 
reported similar effects. A possible cause is the presence of thoron gas (220Rn) which is not separate from 
222Rn by passive detector, unlike active detectors relying the concentration measurement on discriminated 
alpha peaks intensities. It is clear that measurement conditions are of paramount importance and must be 
improved, namely the type of chamber used, its sealant and overall size. In this experiment acquisition time 
was for weak. For passive detectors this is a short time, especially due to their low detection efficiency. 
Longer acquisition time is advisable to increase the statistical significance of the result.  Other important 
aspect emerging in our work is the importance of radon leakage. Although a considerable amount of care 
was taken to prevent leakage, still a sizeable fraction of radon escapes the container, leading to an important 
leakage constant. Our assessment is that the container design should be careful reviewed. The used materials 
more thoroughly tested, in particular any material used in the junctions. The measurement of radon 
concentration build-up inside the container, using a real-time acquisition, active detector, is of paramount 
importance to assess the radon leakage from the container. When making the measurement with passive 
detectors it is also important to use at least two detectors: one at the bottom and one at the top of the 
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container. In this way any eventual radon concentration gradient can be assessed and, an average value 
obtained. Finally, the sample should not be in contact with any of the container's surface, but rather 
suspended. In this way exhalation is equivalent from any of the sample faces. More samples from different 
materials will be analyzed in the future and the comparison between the two methods made for other 
materials. 
5. References 
1. Daryoush Shahbazi-Gahrouei, Mehrdad Gholamil, Samaneh Setayandeh, A review on natural 
background radiation, Advanced Biomedical Research, vol 2, issue 3,  
https://doi.org/10.4103/2277-9175.115821 
 
2. J. Vives i Batlle, A. Ulanovsky and D. Copplestone, "A method for assessing exposure of terrestrial 
wildlife to environmental radon (222Rn) and thoron (220Rn)," Science of the Total Environment, 
https://doi.org/10.1016/j.scitotenv.2017.06.154 
 
3. World Health Organization (2009), “WHO Handbook on Indoor Radon: A Public Health Perspective”, 
WHO.  
 
4. UNSCEAR (2000), Report to the General Assembly of the United Nations with Scientific Annexes, 
United Nations sales publication E.00.IX.3, New York,  
http://www.unscear.org/unscear/en/publications.html 
 
5. Nisha Sharma, Jaspal Singh, S. Chinna Esakki, R.M.Tripathi, A study of the natural radioactivity and 
radon exhalation rate in some cements used in India and its radiological significance, Journal of Radiation 
Research and Applied Sciences, Volume 9, Issue 1, January 2016, Pages 47-56, 
https://doi.org/10.1016/j.jrras.2015.09.001 
 
6. Christer Samuelsson, The Closed-Can Exhalation Method for Measuring Radon, [J. Res. Natl. Inst. 
Stand. Technol. 95, 167 (1990)  
 
7. M. Tufail et al., Application of a closed-can technique for measuring radon exhalation from mine 
samples of Punjab, Pakistan, Journal of Environmental Radioactivity 50 (2000) 267-275 
 
8. Claus E. Andersen, Radon-222 Exhalation from Danish Building Materials: H + H Industri A/S Results, 
Ris0-R-1135(EN), Ris0 National Laboratory, Roskilde, Denmark, August 1999 
 
9. M. Abo-Elmagd, Radon exhalation rates corrected for leakage and back diffusion e Evaluation of radon 
chambers and radon sources with application to ceramic tile, Journal of Radiation Research and Applied 
Sciences 7 (2014) 390 - 398, http://dx.doi.org/10.1016/j.jrras.2014.07.001 
 
10. Sreeja Raj Menon, B.K. Sahoo, S. Balasundar, J.J. Gaware, M.T. Jose, B. Venkatraman, Y.S. Mayya, 
A comparative study between the dynamic method and passive can technique of radon exhalation 
10 
 
measurements from samples, Applied Radiation and Isotopes 99 (2015) 172–178, 
http://dx.doi.org/10.1016/j.apradiso.2015.02.004 
 
11. B.K. Sahoo, Dipen Nathwani, K.P. Eappen, T.V. Ramachandran, J.J. Gaware, Y.S. Mayya, Estimation 
of radon emanation factor in Indian building materials, Radiation Measurements 42 (2007) 1422 – 1425, 
https://doi.org/10.1016/j.radmeas.2007.04.002 
 
12. RadonEye Plus 2,  
http://radonftlab.com/radon-sensor-product/radon-detector/new-rd200p-radon-detector/ (accessed June 
2020) 
 
13. RAD7 detector manufactured by DURRIDGE COMPANY Inc.  
https://durridge.com/documentation/RAD7%20Manual.pdf  
